A method of phenol determination in plant leaves has been developed which is based on the in situ oxidation of these compounds in an atmosphere containing ammonia, followed by difference spectrophotometry. The The daylength affects phenol metabolism in the leaves of plants (4, 7, (11) (12) (13) 15) . Attempts have been made to relate this to photoperiodic phenomena, e.g. flower induction (11, 13, 15) . Such a study is hampered by a number of problems. The fully grown plant carries leaves of different age and different life history. Consequently, the leaves are often of different phenol content and composition. The presence of phenols in different cell compartments and their occurrence in both bound and unbound forms pose other difficulties. The classical method of phenol determination by extraction, chromatography, and spectrophotometry requires much time and fairly large amounts of material and is therefore less suitable to study the changes in phenol pattern in each separate leaf of a developing plant. In order to circumvent some of the above problems we developed a new method of phenol determination which is based on the in situ oxidation of these compounds, followed by difference spectrophotometry. Here, we demonstrate with Salvia occidentalis, an obligate SD' plant, a method whereby a dynamic picture of phenol metabolism as a function of environmental conditions like daylength, light intensity, night interruption, and temperature can be obtained. Possible implications of these data in the mechanism of flower induction will be discussed.
period the phenol content (mainly chlorogenic acid and isochlorogenic acids) increases in proportion to the length of this period, whereas during the subsequent dark period the phenol content decreases. This decrease does not continue during the second part of a dark period if that period is interrupted by a Ught break with red light. Instead a small increase is observed. This effect of red Ught can be reversed with far red light. It is argued that a correlation with flower induction in this short day plant can be construed if it is assumed that the continuous presence of certain odihydroxyphenols in the cytoplasm of leaf cells inhibits the synthesis or the transport of a flowering hormone.
The daylength affects phenol metabolism in the leaves of plants (4, 7, (11) (12) (13) 15) . Attempts have been made to relate this to photoperiodic phenomena, e.g. flower induction (11, 13, 15) . Such a study is hampered by a number of problems. The fully grown plant carries leaves of different age and different life history. Consequently, the leaves are often of different phenol content and composition. The presence of phenols in different cell compartments and their occurrence in both bound and unbound forms pose other difficulties. The classical method of phenol determination by extraction, chromatography, and spectrophotometry requires much time and fairly large amounts of material and is therefore less suitable to study the changes in phenol pattern in each separate leaf of a developing plant. In order to circumvent some of the above problems we developed a new method of phenol determination which is based on the in situ oxidation of these compounds, followed by difference spectrophotometry. Here, we demonstrate with Salvia occidentalis, an obligate SD' plant, a method whereby a dynamic picture of phenol metabolism as a function of environmental conditions like daylength, light intensity, night interruption, and temperature can be obtained. Possible implications of these data in the mechanism of flower induction will be discussed.
MATERIALS AND METHODS
Plant Material and Growing Techniques. S. occidentalis plants were propagated by cuttings from a parent plant from a clone previously used by Meijer (6) in our laboratory for his investiga-'Abbreviations: SD: short day; LD: long day.
tions on flower induction. They remained in a greenhouse under LD conditions until they had four leaf pairs, after which they were selected for uniformity and transferred to light cabinets to undergo the various treatments. The light in these cabinets, which have been described by Van der Veen (14) , was supplied by Philips "TL" 33 white fluorescent lamps. Red and far red light for the nightbreak treatments were obtained with the light and filter combinations as previously described by Meijer (6 Figure 1 shows the changes in absorbancy in a Salvia leaf after being placed in an atmosphere of ammonia. Initially a peak at 390 nm is formed. This is due to the increase in pH within the leaf which causes the shift in absorbancy of the phenolic compounds to longer wavelengths. In the high pH atmosphere the majority of the phenols, in particular the o-dihydroxy compounds such as caffeic acid and its derivatives, are oxidized. This causes the shift of the 390 nm peak to 395 nm and the appearance of new peaks and shoulders at longer wavelengths. After 2-h incubation at 25 C this process had gone to completion. Chromatography of extracts of leaves maintained in ammonia vapor revealed that after 8-nin incubation 95% of the original amount of caffeic acid derivatives was still present but that after 2-h incubation all of the o-dihydroxy compounds had been completely converted to water-insoluble compounds, and that only minor amounts of derivatives ofp-coumaric and ferulic acid had remained unchanged. The character of the difference spectrum that is obtained after 2-h incubation depends on the kind of phenolics and on their concentration in the leaf. The spectra presented in Figure 1 are of an old leaf which in addition to high concentrations of chlorogenic and isochlorogenic acids contains about 10%o derivatives of kaempferol and quercetin. On the other hand, a young leaf which contains almost exclusively derivatives of hydroxycinnamic acids produces after 2-h incubation only one high peak at 395 nm. As the leaf becomes older the complexity of the spectrum increases, with successively appearing new peaks at 450 and 500 nm and shoulders at 565 and 700 nm. Comparison of the difference spectrum of an ammonia-treated leaf segment with a chromatogram of an extract from the untreated part of the leaf revealed that a certain spectrum always corresponded to the same composition in phenolics in the leaf. It therefore suffices to measure the difference spectrum instead of running a complete analysis.
The absorption spectrum of an extract of an untreated leaf is largely determined by the high concentrations of chlorogenic and isochlorogenic acid and shows peaks at 285 and 325 nm. The latter peak becomes relatively higher, the older the leaf from which the extract is made. Of a great number of difference spectra of ammonia-treated leaves, eight were chosen in such a way that their numbers, 1 to 8, given in order of increasing complexity (Fig.  2) , were linear functions of the absorbancy at 325 nm of the aqueous extract of corresponding untreated leaf tissue (Fig. 3) . Each spectrum number thus corresponds to a certain developmental stage of the leaf with respect to the phenolics, in particular the concentration of caffeic acid derivatives. corresponding to those used to obtain the difference spectra in Figure 2. shows the development of the phenol pattern in SD and in LD conditions. In SD conditions at 25 C the flower primordia could be detected after 21 days. Twelve cycles of SD made the flower induction irreversible.
It appears that in the lower two leaf pairs, which had already expanded fully on the parent plant which was grown in LD, the stage of the phenolics is already high at the beginning of the experiment and remains so both in SD and LD. In the leaves formed next, in SD before the flower primordia appear and in LD during maximum growth of the plant, the initial increase is much faster in LD than in SD. This is followed by a plateau which is higher in both in SD and LD but the difference between them was similar to that in the preceding experiment with 21 w/m2. The effect of the temperature was the same as previously found in gherkin seedlings (1) . At 18 C both in SD and LD the amount of phenolics was higher than at 25 C. At 32 C it was lower than at 25 C.
Daily Fluctuations and Effect of Daylength. The daily fluctuations in phenol accumulation were studied in order to get a better understanding of how the curves of Figure 4 come about. In three light cabinets kept at 25 C S. occidentalis plants were irradiated respectively from 0 to 8, 8 to 16, and 16 to 24 h with white light of 23 w/m . In each cabinet the light period was followed by 16 h of darkness. This set-up enabled us to study changes in phenol content during any time interval in the 8/16 h light/dark cycle. During the light period the absorbancy of a leaf treated with ammonia increases in the 400 to 700 nm region (compare the 0-and 6-h curves) (Fig. 5) . This indicates that chlorogenic acids accumulate. The increase is followed by a decline during the dark period (compare the 8-to 14-and the 16-to 22-h curves). The decline is always limited and does not continue when the dark period is made longer than 16 h. After 72 more h in darkness the difference spectrum was still the same as the one labeled 22 h. Prolonging the light period causes a further enhancement of phenol accumulation. After an irradiation for 72 h at 23 w/m2 a leaf of stage 2 had reached stage 7 which corresponds to 150%o increase in (iso)chlorogenic acid content. Difference spectra at various times of day and night of a leaf of the fourth leaf pair of S. occidentalis. Samples were harvested at times indicated after the plants had already received 8/16 h light/dark treatment during the preceding 5 days. These were incubated during 2 h in ammonia vapor whereafter the spectra were taken. During the light period the absorbancy in the 400 to 700 nm region increases (0-to 6-h curves) whereas during the dark period the absorbancy decreases (8-to 14-, and 16-to 22-h curves). Each quarter of the figure represents results obtained with one leaf. Developmental stage of these young leaves was between I and 2 (compare Fig. 2 ).
On the basis of the above data we expect that if within a 24-h cycle the light period is made longer and the dark period shorter, the latter might become too short for all of the phenol accumulated during the light period to be broken down. This would thus result in a net increase in phenolics (Fig. 6 ). It appears that up to a light period of 12 h in a 24-h day the amount of phenolics is more or less independent of the length of this light period. However, with daylengths longer than 12 h the phenolics accumulate in proportion to the length of the light period. At 25 C the critical daylength for flower induction in S. occidentalis is between 12 and 13 h (6).
Effect of a Nightbreak. A light break in the middle of a long night inhibits flower formation in S. occidentalis. Red light was the most effective light quality and the effect was reversed with far red light (6). We observed a similar effect with regard to phenol accumulation. In 10 experiments with plants which had been in SD (8-h light, 16-h darkness) for 5 days the average increase of absorbancy at 450 nm (see Fig. 5 (4, 7, (11) (12) (13) 15) . The accumulation pattern of the phenolics (Fig. 4) on the assumptions that: (a) these compounds are synthesized in compartments (organelles) in the cytoplasm and from there are transported to the vacuoles; and (b) the breakdown in the cytoplasm is much faster than in the vacuoles. This would explain why the increase in phenolics continues for a long period when the plants are maintained in continuous light, whereas the decrease comes to a halt when the plants are maintained in darkness longer than 16 h.
Similar daily variations as shown here for chlorogenic acid and isochlorogenic acids in S. occidentalis (Fig. 5 ) have been reported for rutin (8) and apegenin-7-glucoside (9) in Fagopyrum esculentum and Silybum marianum, respectively. In particular the more reactive o-dihydroxy compounds may temporarily disappear altogether from the cytoplasm in Salvia leaves if the dark period is sufficiently long. A nightbreak causes renewed synthesis of these compounds during the second half of the night (Fig. 5 ). In agreement with this, Taylor (I1) found for Xanthium leaves that in similar conditions of 8 h of light followed by 16 h of darkness a nightbreak of 2 min caused an increase of 20% in the quercetin level.
Certain points of correspondence between the way in which the system controlling phenol synthesis and that responsible for flower initiation respond to alternating light and dark periods and to temperature differences led us previously to the conclusion that at least the same regulatory principles were involved (2). The direct involvement of phenolics in photoperiodic flower inducton has been discussed by Zucker et al. (15) for tobacco and by Taylor (11) for Xanthium, but these authors did not arrive at definitive conclusions. It seems to us that one should differentiate between the bulk of phenolics stored in the vacuoles and the small amounts that are present in compartments within the cytoplasm where regulation and interaction may be expected to occur (5) . From our data it follows that a correlation with flower induction in the SD plant S. occidentalis can be construed if we assume that the continuous presence of certain o-dihydroxyphenols in the cytoplasm of leaf cells inhibits the synthesis or the transport of a flowering hormone. In recent publications interesting interactions of these compounds with certain proteins have been revealed (3, 10) .
For duckweed Umemoto (13) reported that chlorogenic acid accumulation depended on the daylength: shorter periods than a 12-h photoperiod did not cause accumulation, while the acid was accumulated in proportion to daylengths longer than 12 h. This is similar to the situation in the leaves of S. occidentalis (Fig. 6) . Moreover, Umemoto demonstrated that chlorogenic acid inhibited the flower production in duckweed.
